A vortex electrostatic precipitator (VEP) forms a vortex flow field within a precipitator by means of the vertical staggered layout of the double-vortex collecting plate facing the direction of the gas flow. The ion concentrations within the precipitator can be significantly increased. Correspondingly, the charging and coagulation rates of fine particles and particle migration velocity are significantly improved within the VEP. Since it can effectively collect fine particles and reduce precipitator size, VEPs represent a new type of electrostatic precipitator with great application potential. In this work the change curve of the external voltage, gas velocity, row spacing and effective collecting area influencing the precipitation efficiency were acquired through a single-factor experiment. Using an orthogonal regression design, attempts were made to analyze the major operating parameters influencing the collecting efficiency of fine particles, establish a multiple linear regression model and analyze the weights of factors and then acquire quantitative rules relating experimental indicators and factors. The regression model was optimized by MATLAB programming, and we then obtained the optimal factor combination which can enhance the efficiency of fine particle collection. The final optimized result is that: when gas velocity is 3.4 m s −1 , the external voltage is 18 kV, row spacing is 100 mm and the effective collecting area is 1.13 m 2 , the rate of fine particle collection is 89.8867%. After determining and analyzing the state of the internal flow field within the VEP by particle image velocimetry (PIV), the results show that, for a particular gas velocity, a vortex zone and laminar zone are distinctly formed within the VEP, which increases the ion transport ratio as well as the charging, coagulation and collection rates of fine particles within the precipitator, thus making further improvements in the efficiency of fine particle collection.
Introduction
Many cities in China are currently confronted with the problem of excessive concentrations of dust particles; consequently control offine particle pollution is urgently required. Since January 2013, hazy weather has continuously occurred in many cities, especially in many parts of central and eastern China, North China, Jianghuai (the area south of the Huaihe River and north of the Yangtze River) and Jiangnan (south of the middle and lower reaches of the Yangtze River). The primary reason is excessive content of PM10 particles (particulate matter with a particle size below 10 μm) in the atmospheric environment. Research has shown that fine particles deteriorate urban air quality and endanger human health and the ecosystem because they have the characteristics of long-term residence in the air, small grain size, large specific surface area and the ability to accumulate hazardous substances, etc [1] . The International Agency for Research on Cancer (IARC), an important agency of the World Health Organization (WHO), has issued a report showing that atmospheric pollution is a common and primary environmental carcinogen and humans can suffer from lung cancer after living in polluted air for a long time [2, 3] . The results of epidemiological studies, both at home and abroad, have shown that fine particles can have a severe effect on the human body, such as the respiratory system, nervous system, immune system and the genome [4] [5] [6] [7] [8] [9] [10] [11] [12] . Moreover, dust is also a significant aspect of some environmental problems, such as acid rain, global climate change and ozone depletion.
Admittedly, coal combustion and industrial soot have made significant contributions to particulate pollutants in the air. Dry type electrostatic precipitators are the mainstream device used by coal-fired power plants to control soot emissions. They can achieve dust collection efficiencies of over 99.5%, but they collect fine dust particles at a relatively low rate. Therefore, strengthening the collection of fine particles will be a new direction for development of precipitation technology [13] [14] [15] [16] . However, most of the existing new or old type electrostatic precipitators can barely achieve the new emission limits for atmospheric pollutants. Therefore, there is an urgent need to develop a new electrostatic precipitator that has high efficiency, low energy requirements, low pressure loss, low equipment cost (i.e. a smaller size) and low operational cost.
Fundamental theory of vortex electrostatic precipitators
Vortex electrostatic precipitators (VEPs) have a discharge wire between the two collecting electrodes and a doublevortex electrode structure. A VEP forms a vortex flow field within the precipitator, which effectively improves the ion production rate, enhances the charging effect and coagulation of fine dust, and achieves the aim of collecting fine particles with high efficiency [17] [18] [19] [20] . Figure 1 presents the top view of a VEP.
Analysis of the VEP mechanism:
(1) Since the discharge wire is placed between the same row of collecting electrodes, when a flue gas flows through the narrow passage, circulation of flue gas in the unit area increases distinctly and negative ion momentum increases, which can lower the ion recombination rate. The rapid increase of ion concentration increases the charging and coagulating rates of fine particles. (2) Given that the collecting electrodes have a staggered layout with a double-vortex structure perpendicular to the gas flow, the formation of a vortex flow field within the precipitator extends the period of movement of particles, increasing the particle collision rate and improved the coagulation effect.
Experimental system

Experimental process
In the experiment, talcum powder was used as the dust; the resistivity of thedust was 8.6×10 8 Ω cm. Figure 2 shows the experimental process flow of a VEP. The simulated flue gas, when passing through the high-voltage electrostatic field, collides with the positive and negative ions and the electrons between electrodes, or becomes charged in ion diffusion, takes electrons and ion particles towards the specific electrode under the action of the electric field force, and is then adsorbed onto the specific electrode. The particles on the electrode fall into an ash hopper through a rapper and the purified flue gas is emitted directly [17] .
Experimental apparatus
For the experiment, we have designed VEP with a stainless steel star discharge, a double-vortex collecting plate and a customized dust generator. Power is supplied by a GYDY-50 high-voltage power source, with the range of 50 kV. Process flow of the experimental system: 1, automatic feeding device; 2, on-line particle concentration measuring instrument; 3, on-line computer; 4, power supply system; 5, particle image velocimetry testing system; 6, induced draft fan; 7, multifunctional gas tester; 8, collecting electrode; 9, discharge wire; 10, ion concentration detector; 11, wind velocity distribution board; 12, pilot tube parallel automatic dust sampler.
Test method
For the experiment, we employed a TESTO 350 M/XL multifunctional gas tester to measure the gas flow velocity, pressure and temperature; a CIS-50V particle size analyzer to measure size distribution of dust; a WaveJet-354A oscilloscope to measure discharge voltage, current and energy consumption; a DR high-pressure dust resistivity test bed to measure dust resistivity; a 8532 dust detector to measure fine particle concentration; and a particle image velocimetry (PIV) system from the US TSI Company for commercial use to measure the internal flow field of the VEP.
Particle size distribution
To analyze the particle coagulating effect of the VEP, a particle size analyzer was applied to measure and analyze the size distribution of the particles.
As shown in figures 3 and 4, the mean particle size is 2.27 μm at the outlet of the VEP, which is larger than the mean particle size of 1.77 μm at the inlet. According to tables 1 and 2, it is observed that 23.01% of particles at the inlet were in the >2.5 μm particle size fraction (none larger than 15 μm). However, the percentage of particles >2.5 μm increased to 36.57% at the outlet of the VEP, and there were some particles >15 μm. This happens because the fine particles produce a coagulating effect through mutual collisions during electrostatic precipitation, so generate dust particles with a larger particle size. Table1. The number of dust particles at the inlet of the precipitator. Figure 5 shows the change curve of the external voltage with precipitation efficiency. In the experiment the gas velocity is 3.4 m s −1 , initial fine particle concentrations are 253, 298 and 341 mg m −3 , the effective collecting area is 1.13 m 2 and the row spacing is 100 mm.
As presented in figure 5 , precipitation efficiency increases with increase in voltage. For example, for an initial fine particle concentration of 341 mg m −3 , when the external voltage is 12 kV the precipitation efficiency is only 68.9%, but when the external voltage is 18 kV the precipitation efficiency can reach 92.4%. This shows that the precipitation efficiency rises distinctly as the external voltage increases. The reason for this is that, as the external voltage rises, power input into the VEP per unit time increases continuously, ion concentration increases continuously and fine particle charging and coagulation effects are enhanced. Therefore, precipitation efficiency rises. Thus, within the voltage range for stable operation of the electrostatic precipitator, the precipitation rate can be improved by greatly increasing the external voltage. As a result, the external voltage can be controlled at around 18 kV so as to achieve a good precipitation effect in the experiment. Figure 6 shows the change curve of the gas velocity versus precipitation efficiency. In the experiment the external voltages are 18, 16, 14 and 0 kV, initial fine particle concentrations are about 270 mg m −3 , the effective collecting area is 1.13 m 2 and the row spacing is 100 mm. As shown in figure 6 , the precipitation efficiency decreases slightly at first and then drops drastically as the gas velocity rises. For example, for an external voltage of 18 kV, when the gas velocity rises from 1.6 to 3.4 m s −1 , the precipitation efficiency decreases slightly from 91.3% to 90.2%. When the gas velocity rises to 6.1 m s −1 , the precipitation efficiency drops dramatically to 54.9%. This happens because the length of stay of fine particles in the VEP decreases as the gas velocity increases. The decrease in length of stay means that the colliding, charging and coagulation rates of fine particles decrease with increasing gas velocity, thus reducing the precipitation efficiency. Ion concentration increases at first and then decreases as gas velocity rises. Since ion concentration is closely related to the particle charging rate, precipitation efficiency decreases slightly at first and then drops, until a gas flow velocity of 3.4 m s −1 . As a result, under a low gas velocity (<3.4 m s −1 ), the rate of increase in ion concentration is slightly lower than that of the rate of increase of gas flow and the precipitation effect shows a slight decrease when gas velocity rises as a whole. When gas velocity is above 3.4 m s −1 , the rate of increase in ion concentration is far lower than the rate of increase of gas flow and the precipitation effect decreases as gas velocity rises as a whole. Meanwhile, due to the decreased length of stay, the precipitation efficiency drops drastically.
Influence of gas velocity on precipitation efficiency
As presented in figure 6 , the precipitation efficiency decreases with increase in gas velocity when the external voltage is 0 kV. According to the principle of gravity settling and inertial dust removal, the VEP forms a vortex flow field within the precipitator through the double-vortex collecting plate facing the direction of gas flow. When the external voltage is 0 kV, the gas velocity is 3.4 m s −1 and the fine particle collection efficiency can reach more than 50%.
Therefore, based on the flow and precipitation effect, gas velocity can be controlled at around 3.4 m s −1 for the experiment. Figure 7 shows the change curve of the row spacing versus precipitation efficiency. In the experiment, the external voltage is 18, 17 and 16 kV, gas velocity is 3.4 m s −1 , the initial fine particle concentrations is 360 mg m −3 and effective collecting area is 1.13 m 2 . Based on figure 7 , the precipitation efficiency of the VEP increases at first and then decreases as the row spacing of the collecting electrode increases, with the extreme point at a row spacing of 100 mm. For example, for an external voltage of 18 kV, the precipitation efficiency at the extreme point is about 10% higher than at the ends (row spacings of 80 and 120 mm). This happens because too small a row spacing will restrict the discharge voltage, which will limit the increase in ion concentration. Moreover, because the gas velocity is quite high when the gas flows through the collecting electrodes, if the row spacing is too small there will be insufficient time to form a stable vortex flow field, which is disadvantageous for fine particle collection. If the row spacing is too large, the vortex reduces and the main gas stream flows to the narrow discharge passage between the two collecting electrodes, directly bypassing them, which is also disadvantageous for fine particle collection. Therefore, the row spacing should be controlled to around 100 mm in the experiment. Figure 8 shows the change curve of the collecting electrode row spacing versus precipitation efficiency. In the experiment, the external voltage is 18, 17 and 16 kV, gas velocity is 3.4 m s −1 , the initial dust concentration is 300 mg m −3 and the row spacing is 100 mm. According to figure 8, the precipitation efficiency rises as the effective collecting area increases. For example, for an external voltage of 18 kV, the precipitation rate is 48.9% when the effective collecting area is 0.65 m 2 . However, the precipitation rate shows a linear increase and rises to 90.5% when the effective collecting area is 1.13 m 2 . This happens because when the effective collecting area is larger, there will be more rows of collecting electrodes, the fine particle charging, colliding, coagulating and collecting rates will be larger, and the precipitation effect is better. Hence, within a certain range, the precipitation efficiency can be improved by designing a larger collecting area. For the experiment, the effective collecting area should be controlled at 1.13 m 2 .
Influence of row spacing on the precipitation rate
Influence of effective collecting area on the precipitation efficiency
Establishment of a multiple linear regression model
Because the optimal parameter combination determined may not be the overall optimum in a single-factor experiment, it is necessary to establish multiple linear regression models to find the optimal parameter combination for precipitation rate.
Determining the range of variation of the factors
For the experiment we set the initial particle concentration at around 320 mg m −3 , the collecting electrode spacing at 60 mm and the gas velocity at 3.4 m s −1 . Based on the experimental indicators, fine particle collection efficiency y, the three major factors have been selected, which are: external voltage z 1 , row spacing z 2 and effective collecting area z 3 .
Assuming that the range of variation of factor z j is [z 1j , z 2j ], the following was obtained:
where z 1j and z 2j are the lower and upper levels, respectively, of factor z j .
Level coding of factors
The zero level of factor z j is recorded as
where the variation radius is
and then the coding equation is
The levels of factors are encoded, with the types shown in table 3.
Establishment of a regression equation
The experimental arrangements, results and calculations can be seen in tables 4 and 5, while table 6 gives the variance analysis. Table 5 mainly presents the sum of squares of partial regression S j , total sum of squares S T , regression sum of squares S R , residual sum of squares S E , sum of products B j and regression coefficients b j . The calculating equations for 
( )
According to the absolute value of the partial regression coefficient of the regression equation (9) , the order of priority of each factor can be obtained as: z 1 >z 2 >z 3 >z 1 z 2 >z 1 z 3 ; namely, external voltage>row spacing>effective collecting area>interaction between external voltage and row spacing>interaction between external voltage and effective collecting area. Based on the plus-minus of the regression coefficient, it can be known that the experimental indicators could achieve the best result if we take the upper level for the external voltage z 1 , row spacing z 2 and effective collecting area z 3 .
Significance test of the regression equation
When the significance level is taken as 0.05, we get F 0.05 (5,2)=19.30. Since F>19.30, the above regression equation (9) obtained is significant.
F 0.05 (1,2)=18.51. According to table 6, it is known that the three factors and the interactions z 1 z 2 and z 1 z 3 have a distinct influence in the experiment, so the regression equation established is also distinct.
F 0.01 (1,2)=98.50. According to table 6, it is known that the three factors and interaction z 1 z 2 influence the experimental indicators very distinctly.
Back substitution of the regression equation
According to the coding formula:
Substituting into equation (9), we get the regression equation of y about variables z 1 , z 2 and z 3 as: (¯) and the degree of freedom is f 0 =m−1=2.
From equation (9), it is known that^= y 79.5625, 132, since at level 0.10, the lack of fit is regarded as indistinct, and the regression model fits the actual situation well. In the process of fine particle collection by VEP, the influence of external voltage, row spacing and effective collecting area on the collecting efficiency can be indicated based on equation (9).
Combined optimization design for influential factors
The obtained regression equation (13) has been optimized based on the golden section method. The combined optimization design for influential factors was obtained with MATLAB language programming. Figure 9 presents the algorithm in detail. When f = −434.8702 + 25.0768z 1 + 1.795z 2 -0.0825z 1 z 2 + 198.2148z 3 -8.9286z 1 z 3 , the final optimization result is when the gas velocity is 3.4 m s −1 , the external voltage 18 kV, the row spacing 100 mm and the effective collecting area 1.13 m 2 , the collecting rate of fine particles is 89.8867%. 8. The determination test and discussion of the PIV flow field
Based on the regression model, it can be seen that a VEP can achieve a good collecting effect of fine particles, with a collecting rate of about 90%, through quantitative analysis under the optimum combination of factors. In order to qualitatively analyze the internal flow field state of a VEP, PIV has been employed to analyze and verify the influence of the flow field state on the ion concentration, coagulating effect and fine particle collecting efficiency.
Composition of the PIV system
The PIV system supplied by the US TSI Company for commercial use is applied in our experiment to measure the internal flow field of the VEP. As shown in figure 10 , the PIV system is mainly divided into two parts: imaging and analysis. The former obtains the image of the exposed particle in the flow field, and the latter uses processing software to analyze S E =S T − S R =0.0225. and display a two-dimensional particle velocity vector field from the image.
Process of the PIV test
During the test, the power supply is first turned on and the position of the laser beam is adjusted. In addition, the position of the CCD camera is adjusted, so that it is in a vertical position with the laser beam. The camera is focused to adjust the sharpness of the image displayed on the computer and the time interval for the camera to take pictures is set. Finally, VEP is run, the internal flow field is measured and the distribution of the velocity field and the data are obtained using the special software in the computer to process the picture. (1) The gas velocity is highest around the discharge wire,
where it is about three times that at the entrance to the VEP. The increase in gas velocity means that more ions escape the constraints of the electric field force and there is an increased ion transport rate, lower ion recombination rate and increased ion concentration. The increase in ion concentration increases dust charge and also improves the fine particle collecting rate. (2) Gas velocity is reduced as gas flow proceeds, reaching a minimum near the collecting electrode and then forming a vortex flow field between the two rows of electrodes inside the VEP. The existence of a vortex flow field prolongs the length of particle stay and enhances collisions and the coagulating and collecting rates of fine particles. (3) Gas velocity is lower near the collecting electrode and forms distinct laminar flow layer, in which the gas velocity is lower than 0.3 m s −1 . The existence of a laminar flow layer with low gas speed is more advantageous for collecting charged particles and improving the fine particle collecting rate. (4) Based on figures 11-13, after the gas velocity changes from 2.3 to 4.1 m s −1 , the vortex area increases distinctly, the laminar flow layer becomes thinner, the internal gas velocity in the VEP increases distinctly and the maximum gas velocity around the discharge wire increases from 6 to 8 m s −1 . The increases in the vortex area and gas velocity are beneficial for increasing the ion concentration and fine particle coagulation rate within the VEP, which improves the collecting efficiency of fine particles. However, if the gas velocity is too fast then the length of stay is reduced, the laminar layer becomes thinner, which is disadvantageous for dust collection, and the precipitation efficiency drops drastically. Therefore, gas velocity should be controlled within a certain range.
Conclusion
(1) Based on the single-factor experiment, it was found that precipitation efficiency increases as voltage rises. ). ). ).
